The changes in cellular content of adenosine triphosphate (ATP) in Chattonella antiqua (Hada) Ono (Raphidophyceae), a red tide microorganism, were determined during growth in laboratory culture using ESM-enriched seawater. Carbon, nitrogen, and phosphorus in the cells were also analyzed. The cellular content of ATP decreased within several hours of inoculation into fresh medium, then rapidly increased during the early exponential phase of growth to 20-30pg ATP cell-1. After the mid exponential phase ATP decreased and reached a constant level from the late exponential phase to the stationary phase at 5-10pg ATP cell-1. The decrease of ATP after inoculation seemed to be due to a lack of extracellular organic materials in the fresh medium. The addition of both low and high molecular fractions obtainned by dialysis from early stationary phase cultures of C. antiqua increased the cellular ATP content in the early exponential phase. The energy charge decreased from 0.63 to about 0.5 during the lag phase and recovered during the exponential phase. The lag phase in C. antiqua culture is the period of adaptation to fresh medium possibly by the production of extracellular organic materials at the expense of cellular ATP.
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For two decades physiological and biochemical studies of the growth of Chattonella spp. have been conducted to understand the cause of the outbreaks of Chattonella red tides. The nutritional requirements of Chattonella spp. have been examined by Iwasaki,1) and Nakamura et al. 11 The biochemical mechanisms of iron absorption3) and the role of vitamins4,5) have also been investigated. Recently it was reported that the adenosine triphosphate (ATP) content of dinoflagellates changes remarkably throughout the life cycle.6,7) Meksumpun et a1.8) also proposed that the amino acid contents in C. antiqua change markedly during the growth cycle.
Cellular contents of ATP are maintained at fairly uniform levels in various cells and tissues, indicating a very sensitive and efficient cellular mechanism for the control of ATP concentration.9) However, in the case of Scrippsiella troehoidea,6) the ATP content decreases from 4.0 pg ATP cell-1 in the exponential phase to about 2.5 pg ATP cell-1 in the resting phase. It is interesting that the ATP content in marine phytoplankton cells The fractions inside and outside of the dialysis membrane (approx. cut range molecular weight is 12,000-14,000) were concentrated to 100 ml. Fifty ml of these solutions were added to 50 ml of fresh ESM medium. Ten ml of culture containing with cells at late exponential phase were inoculated into the flasks containing these media. The first subsampling was started 3 h after switching fluorescent lamps on. At appropriate intervals ATP and cell numbers were estimated. 
Changes in Cellular A TP During Growth
Chattonella antiqua grew in ESM-culture medium at a rate of 0.23 divisions/day during the first 14 days; during the early exponential phase it grew exponentially at a rate of 0.34 divisions/day. The changes in cellular ATP levels during growth are shown in Fig.1 .
The cellular content of ATP was about 10-15 pg ATP cell-1 during the first few days. The ATP pool of the cells was greatest during the early exponential phase of growth (25- 30 pg ATP cell-1). After that it decreased during the growth of the culture and seemed to reach a stationary level (5-10 pg ATP cell-1) in the late exponential phase. The ATP pool of cells incubated in the light for 3 hours decreased to 5 pg ATP cell-1 (Fig. 2) . After incubation in the light for 10 hours, cellular ATP increased sharply to 20 pg ATP cell-1.
HPLC Analysis of ATP and Related Compounds and Energy Charge
The patterns of changes in ATP, ADP, and AMP levels are shown in Fig. 3A . The cellular contents of ATP and ADP in C. antiqua increased during the early exponential phase. The AMP content was less than that of ATP and ADP. The energy charge of C. antiqua calculated from the HPLC analytical data decreased from 0.63 to 0.53 after 2 days and then increased to 0.59 after 4 days (Fig.3B) .
It seemed to become virtually stable from the early exponential phase to the late exponential phase of growth, remaining at about 0.6 for 2 weeks. During the late stationary phase, the energy charge declined slowly to a value of about 0.5. Changes in Cellular Contents of Carbon, Nitrogen, and Phosphorus
The carbon content of C. antiqua varied between 1.7 and 2.9 ng cell-1 throughout the growth of the culture (Fig. 3C) . It increased remarkably during the early exponential phase of growth. Changes in cellular nitrogen followed the same general pattern as the changes in cellular carbon (Fig. 3C) . After 3 days, the amount of nitrogen per cell had increased by about 40%, and thereafter it decreased markedly. An increase occurred again when cells reached the mid exponential phase of growth. Total phosphorus levels increased from 59 to 67 pg cell-1 after the inoculation for two days. Then they decreased sharply until they reached a nearly constant level during the stationary phase (Fig. 3C ). The C/N ratio during the growth was between 7 and 10. This ratio decreased markedly during the lag and early exponential phases, after which it increased and then became more or less constant from the mid exponential phase to the end of the experiment. The changes in C/N and N/P ratios during the growth of C. antiqua are given in Table 1 . The ratio of C and N to P increased from the lag phase to the mid exponential phase. Thereafter, this ratio increased when cells reached the stationary phase. The ratio of phosphorus to carbon was slightly low compared to that of the Redfield number (C: N: P=106: 16: 1).20) Holm-Hensen 21)proposed that algae ranging in size from 1 pg C/cell to 215000 pg C/cell had uniform levels of ATP relative to organic carbon (ATP=0.35 % organic carbon).
In this study, the C/ATP ratios in C. antiqua were nearly constant throughout the growth cycle. The mean value of ATP of C. antiqua during the growth was 0.22 % organic carbon, with C.V. of 11.2 %.
Effects of Extracellular Low and High Molecular Fractions on Cellular A TP Content
The ATP pools of cells in fresh ESM culture medium with the addition of 50ml of low or high molecular weight fractions were remarkably higher than those of cells in control culture one day after inoculation (Fig. 4) . ATP levels in cells exposed to the low molecular weight fraction increased greatly during the first day. The ATP pool of cells exposed to the high molecular weight fraction decreased after 3 hours, then increased markedly. After two days of inoculation, the cellular content of ATP in cells which were exposed to the low and high molecular weight fractions were higher than that of the control by about 80% and 100%, respectively.
Discussion
The result in Figure 2 shows that the cellular content of ATP decreased within 3 hours of inoculation into fresh medium and then increased during the light period of the first day. Upon transfer to the new medium from an old culture containing extracellular substances, C. antiqua needs to adapt to the fresh medium, thus the consumption of ATP and the production of extracellular substances may occur. A biochemical lag phase refers to this period when ATP is being consumed in the fresh medium. The addi- In our study, ATP/cell measured by an ATP photometer was higher than that by the HPLC method. Although it is known that firefly luciferase is specific for ATP, it is likely that other molecules containing high energy phosphate bonds might cause some light emission. Holm-Hensen and Booth17) reported that ADP, CTP, and ITP had some effect on light emission. This reason may contribute to the occurrence of such a high estimation of ATP in cell as measured by the ATP-photometer. Energy charge (EC) is generally recognized as a metabolic regulatory parameter. Starvation by removal of all sources of phosphorus introduced a decline in the EC value and the level of photosynthetic activity of Microcystis aeruginosa.14)
The amount of cellular carbon in C. antiqua increased sharply during the lag and the early exponential phases of growth, probably reflecting the increase in photosynthetic rate and the accumulation of new products such as carbohydrate, protein and lipid necessary for cell division, which accelerated rapidly after this period. This result coincided with the definition of lag phase which was referred to a period of restoration of enzyme and substrate concentrations to the levels necessary for rapid growth.26) The amount of carbon per cell during the stationary phase was considerably lower than during the exponential phase, perhaps because of the low concentrations of nutrients in the culture medium and the reduction of cell activity.
During the lag phase and early exponential phases, the amount of nitrogen per cell increased by about 40% compared to its initial level. Moreover, the changes in cellular nitrogen followed the same general pattern as for cellular ATP. These results confirm that cells during these phases can increase their photosynthetic rate and accumulate the biochemical compounds necessary for cell division.
The level of cellular phosphorus in C. antiqua during the lag and the early exponential phases increased by more than 10% of its initial level. This level increased rapidly' reaching a maximum just 2 or 3 days after the inoculation, presumably reflecting a high rate of phosphorus absorption from the new culture medium for the production of ATP and other phosphorus compounds.
The amount of phosphorus per cell of C. antiqua decreased about 30% between cells at the exponential and stationary phases. This is probably due to the low concentrations of nutrients in the culture medium and the reduction of cell activity. Cellular phosphorus of Heterosigma akashiwo increased during the growth processes and cells were able to continue their growth although the phosphorus in the culture medium was undetectable . 27,28) Lirdwitayaprasit et al.7) also reported that cellular phosphorus of Scrippsiella trochoidea cultured in PO43P-limited encystment medium decreased about 40% between vegetative cells at the exponential and stationary phases of growth .
The means of C/N raito of C. antiqua during the exponential phase and the stationary phase were not so different. However, this ratio decreased remarkably during the early exponential phase in which cell division accelerated . A linear relationship between the C/N ratio and relative specific growth rate has been found in N-limited chemostats for phytoplankton. [29] [30] [31] [32] [33] Davidson et al. 34 ) also reported that this relationship holds for non-steadystate growth in batch cultures.
Overall, these studies provide more detail about the changes in chemical components during the growth of C. antiqua. They show that after inoculation, the cells rapidly adjusted their biochemical conditions and accumulated chemical components for the preparation of cell division that increased rapidly after this period. Such a biochemical preparation in red tide organisms will also play an important role in the outbreak of red tides.
